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Abstract. We discuss some of the aspects of the physics of relativistic nuclear collisions, in particular those
having to do with the observation of electromagnetic radiation. We concentrate on what such measurements
tell us about the local, in-medium properties of the environment from which they emerge. The contribution
from different sources are considered: that from the partonic sector of QCD, and that from the confined
hadronic phase. Specifically, we discuss the observation of real photons and of lepton pairs at the SPS and
at RHIC, and make predictions for the LHC. The role of jets is discussed.
PACS. 25.75.-q Relativistic heavy-ion collisions – 12.38.Mh Quark-gluon plasma
1 Introduction
Electromagnetic radiation defines a privileged class of ob-
servables in the study of relativistic nuclear collisions. As
real and virtual photons are only weakly coupled (in a
parametrical sense) to the strongly interacting medium
they are excellent probes of the local conditions at the
time of their emission, because of the absence of final-state
interaction. Of course, the physical interpretation of the
information carried by such measurements also requires
a knowledge of the space-time evolution of the emitting
medium. With those aspects in mind, we first recall the
results of low-mass dilepton measurements at the SPS.
We reiterate that those results are consistent with an in-
terpretation in terms of vector spectral densities that are
different from what they are in vacuum. We then show
that those same spectral densities can be used to theoret-
ically interpret the real photon spectrum, also measured
at the SPS. Together with the intermediate invariant mass
regime, we conclude that the case for the observation of a
new phase of QCD through electromagnetic measurements
at SPS energies, even though suggestive, can’t be made
convincingly. At still higher energies, photon production
and jet quenching are considered consistently through jet-
plasma interactions. We point out that this new source
has even been seen at RHIC.
2 Low-mass lepton pairs
At SPS energies, the measurement of low-mass lepton
pairs has first been made by the Helios/3 [1], and then
by the CERES [2] collaborations. Those latter data rep-
resent the currently published state-of-the-art. The the-
oretical interpretation of those measurements have been
widely discussed elsewhere [3,4], however it is worthwhile
here to compare two approaches and to use this compari-
son to assess the control one has over the calculations. As
a reminder, the rate of emission of dileptons is related to
the retarded in-medium photon self-energy at finite tem-
perature, ΠRµν(E, q, T ) [7]:
E+E−
d6Rℓ+ℓ−
d3p+d3p−
=
2e2
(2pi)6
nB(E, T )
M4
LµνImΠRµν(E, p, T )
(1)
where nB(E, T ) is a Bose-Einstein distribution function
for energy E and temperature T , M is the invariant mass
of the lepton pair (M2 = (p++ p−)
2), and Lµν = pµ+p
ν
−
+
pµ
−
pν+− g
µνp+ ·p−. A similar expression is derived for real
photons. Owing to the phenomenological success of vec-
tor meson dominance (VMD) [8], the current-field identity
links the rate of electromagnetic emission directly to the
in-medium vector spectral density. It is therefore clear that
measurements involving real or/and virtual photons have
the potential to reveal pristine features of the strongly in-
teracting many-body system. The electromagnetic emis-
sivity can be calculated in the hadronic sector by consid-
ering effective Lagrangians for the interacting fields, and
then by evaluating the vector spectral density [3,9]. An-
other approach consists of using the relationship between
the self-energy and the forward scattering amplitude [10],
and by modeling the latter by assuming that the domi-
nant contributions are constituted of resonances coupled
with a Pomeron background [11]. There, the forward scat-
tering amplitude is then fitted directly to experimental
data. Those two approaches are of course related, but do
constitute distinct avenues of investigation of a common
theme. The in-medium vector spectral densities are com-
puted, the rates evaluated with Eq. (1), and the results
are shown in Fig. 1. As a preamble, it is clear that the fit-
ted scattering amplitudes can loose precision as the pro-
cess moves further away from on-shellness, but the two
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approaches clearly yield very similar dilepton production
rates over the temperature and density range shown here.
This speaks to the robustness of the theoretical results
and both those calculations contribute to the consensus
of the need for modified in-medium spectrum densities to
explain low mass dilepton data at the SPS [5,3,6,4]. The
specific nature of the modification can’t be singled out by
the current experimental data, but the importance of the
enhancement at low energies is consistent with hadronic
many-body calculations.
Fig. 1. A comparison [12] of the vector spectral densities, ob-
tained in the effective Lagrangian approach [3,9], and through
a direct experimental fit of the scattering amplitudes [11]. Also
shown as a baseline is the result consisting of an incoherent sum
of baryon-free channels [13].
3 Intermediate-mass lepton pairs
At intermediate mass (mφ < M < mJ/ψ), original esti-
mates of the dilepton production rate appeared especially
promising, as kinematical considerations combined with
the original high temperature of the QCD plasma would
highlight the intermediate invariant mass region as the
window of opportunity for the observation of plasma radi-
ation [14,15]. Now, whether one uses effective hadronic
Lagrangian techniques or whether the self-energies are
modeled directly from the available empirical data, as
discussed previously, the same problem emerges. In both
cases, the available parameters are fitted to measured phys-
ical properties which are softer than the scale defined by
the intermediate lepton pair invariant mass. In this case,
the appearance of off-shell effects is a genuine concern.
Indeed, different approaches that agree in the soft sec-
tor can yield widely different results in higher invariant
mass extrapolations [16]. Fortunately, constraints on the
hadronic virtual photon-generating processes can be ob-
tained through the wealth of data of the type e+e− →
hadrons [17]. Those measurements cover precisely the same
invariant mass range as the one that concerns us here.
They have been used, together with τ -decay data, to con-
struct the axial vector and vector spectral densities that
are related to the lepton-pair spectrum [18]. In addition,
the intermediate-mass e+e− initial-state data have been
analyzed specifically in a channel-by-channel fashion. An
example is shown in Fig. 2. This information can then be
Fig. 2. The cross section for e+e− → ωpi0. The data are from
the ND [17] and ARGUS [19] collaborations. The solid curve
is generated from a model described in [17].
used to derive rates for hadrons → e+e−. Following this
procedure, the contributing channels for producing lepton
pairs in the appropriate invariant mass range are found to
correspond to the initial states: pipi, piρ, piω, ηρ, ρρ, pia1,
KK¯, KK¯∗ + c.c.. A detailed discussion is too long to be
had here, but those channel are identified as the domi-
nant ones, as their net lepton pair contribution is found
to saturate the spectral density analysis, at temperatures
relevant for the experimental measurements at hand [20].
With some confidence in the microscopic rates, those can
be integrated with an appropriate modeling of the space-
time evolution of the colliding system.
Experimentally, an excess of intermediate invariant-
mass dimuons over those from sources expected from p-A
measurements has been confirmed by the Helios/3 [21] and
NA50 collaborations [22]. We concentrate the latter. Note
(as in most experiments of this type) that it is important
to properly account for the detector’s finite acceptance, as
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Fig. 3. The calculated dimuon invariant mass and transverse
momentum spectrum. The sources are Drell-Yan, correlated
charm decay, direct charmonium decay, and thermal (quark-
gluon plasma + hadron gas). The histogram represents the
net contribution, after correcting for detector acceptance, res-
olution, and efficiency.
well as for its resolution and efficiency. A numerical filter
has been developed specifically for this purpose [23]. From
the point of view of hard probes, this observed excess has
generated a fair amount of interest. Indeed, this invariant
mass region is sensitive to the irreducible background con-
stituted by correlated open charm semileptonic decay [24],
and the excess can perhaps then be interpreted either as
an increase in primordial cc¯ abundances, or as a kinemat-
ical broadening of the irreducible background generated
by the rescattering of open charm mesons [25]. However,
before more exotic explanations can be invoked, the con-
tribution of thermal meson sources needs to be assessed
quantitatively. Similar reasoning has been used in analyses
of the Helios/3 [26] and NA50 [27] data.
Putting all of the elements described above together,
we arrive at the spectra shown in Fig. 3. The parameters
that enter this boost-invariant hydrodynamic calculation
are the temperatures: initial, critical and freezeout. The
set of those that is associated with Figure 3 is (330, 180,
120) MeV. It is fair to say, however that the initial temper-
ature determination is somewhat dependent on the spe-
cific space-time modeling. However, a fairly robust conclu-
sion still emerges: the intermediate mass NA50 data does
not demand a large radiation component from a plasma
phase (it is about 20% here), nor does it require a large
enhancement of the initial charm content. Even though
the dynamical models differ in detail, this bottom line is
shared by other studies of a similar nature [26,27,28]. The
new high-precision data from NA60 [29] is eagerly awaited.
4 Low pT photons
At SPS energies, real photon spectra have been measured
by the WA98 collaboration [30]. Those data have been
interpreted within several different approaches, such as
hydrodynamic simulations [31], transport/cascade simu-
lations [32], as well as using simple fireball models [33].
We describe here a recent calculation where the micro-
scopic rates have been revisited, with an emphasis put
on basic hadronic phenomenology. We have described al-
ready the connection between the photon production rate
and the in-medium vector spectral density. For self-energy
topologies up to two loops, the imaginary part is readily
shown to reduce to tree-level diagrams, in which case a
kinetic theory approach proves to be convenient. In such
a framework
E
d3R
d3q
=
∫
d3p1
(2pi)22E1
d3p2
(2pi)22E2
d3p3
(2pi)22E3
(2pi)4
× δ(4)(p1 + p2 − p3 − q)|M|
2 f(E1)f(E2)[1± f(E3)]
2(2pi)3
(2)
Considering first the baryon-free sector, the elemen-
tary photon-producing reactions that involve light pseu-
doscalars, vectors, and axial vector mesons are evaluated
in the massive Yang-Mills (MYM) formalism. This frame-
work is capable of describing adequate hadronic phenomenol-
ogy with a limited set of adjustable parameters [34]. The
vector and axial vector fields are treated as massive gauge
fields of the chiral U(3)L × U(3)R symmetry, and added
to the nonlinear σ model formulated in the exponential
representation [35]. Note that this form of the interac-
tion permits a coherent treatment of the strange and non-
strange sectors of the theory, and thus does not suffer from
phase ambiguities. Proceeding further, an expansion of the
Lagrangian enables a systematic evaluation of all relevant
processes. More specifically, all Born-level graphs with the
appropriate crossing-symmetry partners were considered
for reaction- and decay-type processes. An important con-
sideration in applying effective hadronic models at mod-
erate and high momentum transfers is the use of hadronic
form factors. Those arise generally in effective models and
are ubiquitous in hadronic physics. They are incorporated
in the fits to hadronic properties, consistently with elec-
tromagnetic current conservation requirements [34]. Their
effect at different temperatures may be judged from Fig.
4. An additional point worth mentioning in this context
is that the ω vector meson is known to exhibit a large
coupling to piρ, and thus to piγ, owing to VMD. The on-
shell radiative decay contribution is included in the early
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Fig. 4. Photon production rates at three different tempera-
tures, showing the effect of form factors at hadronic vertices.
estimates of photon production [36], but its t-channel ex-
change in the reaction piρ → piγ has not received much
attention up to now. However, the usage of the hadronic
form factors forces a re-calibration of the coupling con-
stants. Because the ωρpi vertex is constrained by the ra-
diative decay width of the ω, and because this decay pro-
cess involves an off-shell hadronic vertex (owing to VMD),
the coupling is modified by the presence of the form fac-
tor. The size of this specific contribution can be assessed
by considering the information in Fig. 5.
Since the emission of lepton pairs and that of real pho-
tons are linked to the same object, the in-medium photon
self-energy, both should be calculable within the same for-
malism. This is what is done in the work we describe. Care
has to be taken, as the leading order contribution in both
cases belong to different self-energy topologies. Moreover,
the issues of double counting and coherence have to be
considered. The a1 s-channel graph is present in both the
ρ spectral density and in the MYM framework. We remove
it from the former, where it plays a minor role, whereas
it induces non-negligible interference effects in the piρa1
complex. If coherence is not important, the t-channel con-
tributions may be evaluated separately. It was explicitly
verified that this was the case for the ω exchange. The pho-
ton rate induced by bringing the vector spectral density to
the photon point is shown in Fig. 5 by the solid line. It is
instructive to compare the hadronic photon emission rates
with those from a hot gas of partons at a similar tempera-
ture. This is done in Fig. 6. There, the spectral strength of
the meson sources is compared with that in the baryon-
rich sector, at a temperature of 200 MeV. Also shown:
the hard-thermal-loop-corrected (HTL) result [36,56] (la-
beled pQCD), and the complete leading-order in gs result
for the photon emissivity of the quark-gluon plasma [37].
It would be useful to extract the required spectral den-
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Fig. 5. Comparison of different sources for photon produc-
tion in a hot and dense hadronic gas with T = 200 MeV, and
baryon chemical potential µB = 220 MeV. The dashed and dot-
ted curves represent the photon rates calculated in the MYM
approach without the t-channel ω exchange. This latter contri-
bution is shown by the dashed-dotted line. The full curve is the
photon emissivity obtained with the vector spectral function
approach including baryons.
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Fig. 6. Comparison of rates for photon production from a hot
gas of partons. The solid line is from the many-body approach
of Ref. [3], the dashed line represent the mesonic contributions,
the dotted line is the HTL-corrected pQCD result, and the
dashed-dotted line is the result that is complete at leading
order in gs.
sity from lattice QCD calculations, but efforts there are
beginning [38].
Additional aspects need to be discussed before final
yields can be derived. The emission rates again need to
be integrated over the space-time history of the collision
event. This is done here with a fireball model, which incor-
porates the main elements of hydrodynamic calculations.
Soft photons are associated with sources which emit late
in the space-time history of the reactions, and are thus
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sensitive to details of the flow profile. The details ap-
pear elsewhere [42,34], but using conservation laws one
is able to extract the temperature and baryon chemical
potential at any proper time, and to define a trajectory
in the µB − T plane. The transition from the plasma to
the hadronic gas phase is set at the chemical freeze-out
locus experimentally extracted from hadron species ratios
[39]. The hadronic gas is then evolved from chemical to
thermal freeze-out by introducing appropriate chemical
potentials. The local photon momentum distributions are
finally boosted to the lab frame, according to the time-
dependent transverse expansion velocity that is eventu-
ally also found in the measured hadron transverse spec-
tra. In addition, contributions to the direct photon spectra
come from prompt photons emitted in primordial nucleon-
nucleon collisions. An accurate theoretical description thereof
at SPS energies is still a matter of debate [40], therefore an
empirical scaling relationship extracted from fits to data
[41] is used. Finally, the transverse momentum broadening
generated by the nuclear medium (Cronin effect) is esti-
mated from analyses of p-A data [34]. The result of con-
sidering all of the aspects discussed up to now, together
with an adequate dynamical modeling of the nuclear col-
lisions for the WA98 experiment appears on Fig. 7. The
initial temperature used here is part of a global analysis
of low and intermediate mass lepton pair spectra [42,27].
A partial summary is possible and appropriate here.
As the primordial microscopic rates are very similar, it is
increasingly clear that the differences in some of the in-
trinsic parameters of the various theoretical analyses, such
as temperature, are related to differences in the space-
time evolution. Nevertheless, the robust features here are
that intermediate mass lepton pair spectra, as well as low
mass dilepton and real photon spectra can be understood
in terms of hadronic degrees of freedom. Furthermore,
low mass dileptons and low pT real photons are consis-
tently calculated with the same spectral densities. The
quark-gluon plasma component in all cases is not consid-
erable enough to permit an unambiguous identification.
For RHIC and the LHC, however, the situation is more
promising [34], as we now discuss.
5 High pT photons and jets
One of the most striking discoveries at RHIC has been
that of the disappearance of hadron-hadron correlation
[43] and of the suppression of single-particle spectra in
central nuclear collisions [44]. A compelling theoretical in-
terpretation of those results is that of jet absorption in hot
and dense partonic matter, signaling in effect the existence
of a quark-gluon plasma. Several models of jet-quenching
through gluon bremsstrahlung have been elaborated [46,
47,48,49,50]. Here, we shall report on results obtained us-
ing the approach developed by Arnold, Moore, and Yaffe
(AMY) [51]. There, the initial hard gluon (Pg(p, t = 0))
and hard quark plus antiquark (Pqq¯(p, t = 0)) probabil-
ity distributions are evolved with time, as they traverse
the medium. The joint equations for those quantities can
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Fig. 7. Top panel: Thermal plus prompt photon spectra com-
pared to data from WA98, for central Pb + Pb collisions at the
SPS. Lower panel: the effect of the nuclear transverse momen-
tum broadening on the measured photon spectrum. In analyses
of p-A photon data, an adequate reproduction of the appro-
priate measurements emerges with a value of the broadening
parameter 〈∆k2T 〉 ≃ 0.1− 0.2 GeV
2.
be visualized as Fokker-Planck equations [52]. This tech-
nology permits, given an initial jet profile calculated from
zero-temperature QCD, to visualize its time-evolution, as
shown in Fig. 8. One may then investigate the effect of
energy loss (and gain) on hadronic and electromagnetic
observables. As mentioned previously, one variable that is
often invoked in the context of jet quenching discussions,
is that associated with the suppression of single-particle
momentum distributions. A quantitative measure of this
suppression is shown in the so-called RAA profile, where
RAA =
dNAA/dyd
2pT
〈Ncoll〉dNpp/dyd2pT
(3)
is plotted as a function of transverse momentum. Clearly,
if a nucleus-nucleus collisions is nothing more than a su-
perposition of nucleon-nucleon collisions, then RAA should
be unity. The main points in the calculation of this quan-
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Fig. 8. The time-development of a quark (or antiquark) jet
momentum-profile, in an evolving parton medium. The initial
distribution is obtained from a NLO calculation [53] that in-
cludes initial-state shadowing [54], for RHIC conditions.
tity may be summarized here. First, in dense matter the
parton distribution functions are different than what they
are in proton-proton collisions [54]. Also, it is assumed
that a jet fragments outside the strongly interacting medium,
as suggested by formation time arguments, and that the
fragmentation involves vacuum fragmentation functions.
The effect of the medium is then to reduce the parton en-
ergy by an amount determined by the time evolution of
the energy profile shown, for example, in Fig. 8. The jet
starts in the QGP medium and evolves until it reaches the
surface, or until the medium reaches the transition tem-
perature, Tc. Note that we assumed that, at early times,
the plasma could be modeled as following an isentropic 1-
D evolution, and that a first-order phase transition exists
with a critical temperature of 160 MeV. Finally, it is im-
portant to point out that the spectrum calculated without
energy loss is completely in agreement with measurements
done in proton-proton collisions [52]. Note that since jets
are emitted early in the collisions, the final profile shows
only modest sensitivity to details of the time-evolution
[52]. For Au-Au central collisions at RHIC energy, we ob-
tain the pi0 results shown in Fig. 9. We also assume a real-
istic spatial distribution for the jet initial location. Then,
the neutral pion spectrum is obtained and shown by the
full curve. If one makes the simplifying assumption that
all jets originate from the centre of the nucleus (what is
not done in the rest of this work), one obtains the lower
dashed curve. The third line shows that one is related to
the other by a constant, up to a very good approximation.
Within the formalism of AMY, the only explicit parame-
ter in this calculation that is not common to other phe-
nomenological studies of RHIC results (both hadronic and
electromagnetic, see for example Ref. [34]) is the strong
coupling constant, αs. We use αs = 0.3.
If the physical conditions for jet quenching are realized,
they do signal a jet-plasma interaction. By the same ar-
gument, this interaction can manifest itself through other
probes, some of which may be electromagnetic. Previous
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Fig. 9. RAA for neutral pions measured by the PHENIX ex-
perimental collaboration. See text for details.
estimates have shown that the conversion of a leading
parton to a photon in the plasma was found to be an
important source of real photons [55]. This means that
a jet crossing the hot medium undergoes an annihilation
(q+q¯ → g+γ) or a Compton process (g+q → q+γ) with a
thermal parton. The contribution to the photon produc-
tion rate in a finite-temperature parton medium for the
leading topology is known to be [56,55]
dR
dyd2pT
=
∑
f
(ef
e
) T 2ααs
8pi2
[fq(pγ) + fq¯(pγ)]
×
[
2 ln
(
4EγT
m2
)
− Cann − CComp
]
(4)
where T is the temperature, Cann = 1.916, and CComp
= 0.416. In a hot QCD medium, the infrared singularity
that appears in the limit of vanishing quark mass, m→ 0,
gets screened by hard thermal loops: m2 = 4piαsT
2/3 [36,
56]. The incoming parton may now be the leading par-
ton in a jet, and then strikes a thermal parton. However,
the jet evolving in the QCD medium has lost energy and
this is accounted for with the technology described ear-
lier. We term this photon source “jet-thermal”, in an ob-
vious nomenclature. The net photon spectrum will also re-
ceive contributions from sources identified with primordial
hard nucleon-nucleon collisions, with the jet fragmenting
into a photon (and hadrons, after loosing energy), with
the jet producing photons via bremsstrahlung interactions
as it traverses the medium (and looses energy), and with
photons produced through interactions of thermal plasma
constituents [52]. The emissivity in those different chan-
nels is integrated over the space-time history, with initial
conditions appropriate for RHIC and the LHC, and the
result is shown in Fig. 10. Both at RHIC and LHC en-
ergies, it is satisfying to note that the original premise of
this exercise still holds true: the jet-plasma photons are an
important source, which in fact outshines others at pT ∼
4 GeV/c for RHIC, and at pT ∼ 8 GeV/c for the LHC. At
RHIC, real photon data already exists and there is much
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Fig. 10. Sources of high pT , mid-rapidity photons in central
Au-Au collisions at RHIC (top panel), and at the LHC (lower
panel). The different sources are discussed in the text.
more to come. An early analysis concentrated on the ratio
of the total number of photons to background photons:
γtotal
γbackground
=
d3Nbckγ /d
2pTdy +
∑
all other sources
d3Nbckγ /d
2pT dy
(5)
This quantity is plotted in Fig. 11, together with data
from PHENIX [57], with and without the thermal con-
tribution. The calculation including the thermal compo-
nent is in good agreement with the data, except for a few
points in the range 7 < pT < 9 GeV/c. Without the ther-
mal components the agreement worsens considerably. The
small effect of varying the initial temperature is also seen
on the same figure.
6 Summary
Soft electromagnetic spectra (low mass dileptons and low
pT photons) receive an important contribution from hadronic
sources. We have shown results where the emissivity has
been derived from the same in-medium spectral density
and continued to the time-like sector and to the light
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Fig. 11. The ration of all photons over the decay photons is
shown, for Au-Au collisions at RHIC energies, with and with-
out the thermal contribution. The effect of varying the initial
temperature is also shown. The data are from the PHENIX
collaboration [57].
cone, respectively, and convolved with the same dynam-
ical model. It is fair to say that the SPS data does not
demand a quark gluon plasma contribution, in a direct
manner. This statement also holds true for the interme-
diate mass dileptons, where the radiation from thermal
meson channels was also found to be quantitatively im-
portant. At RHIC and LHC energies, a complete leading-
order treatment of jet energy loss in the QCD plasma has
been used to calculate both pion and photon spectra. The
results have been confronted with RHIC data and turn out
to be in good agreement. This lends further support to the
idea that high pT suppression, for the set of kinematical
conditions considered here, is a final-state effect mostly
driven by gluon bremsstrahlung in the hot medium.
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